laden flow in an in-line tube bank 1998) was carried out, which also resulted in good agreement with the experimental data. It was generally noticed that Eulerian two fluid modelling is more suitable for engineering applications, whereas the Eulerian-Lagrangian approach is a good research tool for examining fundamental processes and verifying closure laws derived for the Eulerian-Eulerian approach (Pawel et al.; 2005) .
Numerical simulation of gas-particle/liquid-particle flows have been performed by various researchers, as separate entities using both the Lagrangian tracking and the Eulerian two-fluid models. There are a diverse range of techniques formulated and applied to simulate the same in the literatures. In our current study, we would confide ourselves to only the numerical work carried out, with respect to the two sets of experimental data 1999, Founti & Klipfel; 1998) used to validate our simulations. Fessler and Eaton's (1999) experimental data was simulated using an improved stochastic separated flow (ISSF) model and was compared with two other widely used trajectory models namely, the Determistic Separated Flow (DSF) and the Stochastic Separated Flow (SSF) model . Both of the above mentioned simulations were performed using a RANS (Reynolds Averaged Navier-Stokes) approach, while LES simulation was also performed (Yu et al.; 2004) to validate the same set of experimental data later. An extensive Eulerian two-fluid model simulation (Mohanarangam & Tu; was performed by the current authors and the same was validated not only against the velocities and the turbulence of the two phases, but also was the TM simulated and studied against the experimental data of Fessler and Eaton (1997) . Numerical simulations to validate the experimental data of Klipel and Founti (1998) was done by the same authors using the Lagrangian tracking approach, however they have been serious under and over-predictions caused by the numerical simulations, which makes one conclude that still there remain problems that hamper the prediction of particle response. Similar numerical approach (Chen & Pereira; have been adopted to simulate the flow but using an eddy-interaction model developed by Gosman and Ioannides (Gosman & Ionnides; 1981) , while the mean particle velocities showed good comparison, they have been still problems in predicting the particulate turbulence qualitatively; this is majorly attributed to the eddy interaction models generally used to simulate dispersed phase flows using the Lagrangian tracking approach.
In the first part of this series, two varying sets of experimental data behind a backward facing step geometry have been analysed. The main difference between them is the fact that the density of the carrier phases between the two sets is quite different with a comparable density ratio of almost 1:700. It is quite low for the GP flows and higher in case of LP flows. The main idea is to investigate whether the particles of the same density behave in a similar pattern under the influence of two carrier phases. Experimental comparison and investigation is carried out both at the mean velocity as well as at the turbulence level. This section which outlines the particulate response amidst two carrier phases serves as the main reason to undertake this study as the ratio between the carrier and dispersed phases is about 1:2137 for GP flows, while for the LP they are in the ratio of 1:3. The numerical model is outlined first, followed by the numerical procedure adopted for simulating two different sets of experimental data 1995, Founti and Klipfel; 1998) . The code verification section verifies whether the code would be able to replicate the two variants of experimental data used in the current study.
NUMERICAL MODEL:
The modified Eulerian two-fluid model developed by Tu & Fletcher (1995) and Tu (1997) used in this study considers the fluid and particle phases as two interpenetrating continua. Hereby, a two way coupling is achieved between the dispersed and the carrier phases.
The underlying assumptions employed in the current study are:
1) The particulate phase is dilute and consists of mono disperse spherical particles.
2)
For such a dilute flow, the fluid volume fraction is approximated by unity.
3)
The viscous stress and the pressure of the particulate phase are negligible.
4)
The flow field is isothermal. In the Eulerian model both the carrier and the dispersed phases are treated as a continuum, with the necessity to solve a set of Reynolds-averaged conservation equations for mass, momentum, turbulent kinetic energy as well as its dissipation. The generic transport form of these equations for property φ in the three dimensional form can be written as K. Mohanarangam and J. Y. Tu 219 Volume 1 · Number 3 · 2009
(1)
Equation 1 represents the various physical transport processes occurring in the fluid flow, with the local acceleration and advection terms on the left hand side being equal to the diffusion term (Γ = diffusion coefficient) and source term (S φ ) on the right hand side. By varying the values of φ, Γ φ , S φ the relevant continuity, momentum, turbulence energy and dissipation equations can be obtained. Table 1 show these values for the gas phase, in addition to the normal source terms obtained from the single phase, additional terms arise as a result of the dispersed phase so as to render an effective two-way coupling. Here ρ f , u f and p f are the bulk density, mean velocity and mean pressure of the fluid phase, respectively. ν f is the laminar viscosity of the fluid phase. F D is the Favre-averaged aerodynamic drag force due to the slip velocity between the two phases and is given by
Fluid Phase Modelling:
where the correction factor 'f' is selected according to Schuh et al (1989) 
Numerical Study of Particle Interaction in Gas-Particle and Liquid-Particle Flows: Part I Analysis and Validation Table 2 : Particulate phase equations with the particle response or relaxation time given by t p = ρ s d 2 p /18ρ f ν fl ) where ρ s is the particle material density and the particle Reynolds number given by wherein d p is the diameter of the particle. For the carrier fluid phase, which uses an eddy-viscosity model, ν fT the turbulent or 'eddy' viscosity of the fluid phase is computed from . The kinetic energy of the turbulence, k f and its dissipation rate, ε f are governed and solved by separate transport equations. The RNG version of k-ε model is employed in the current study and by which the rate of strain term R in the ε f equation is expressed as ,
where β = 0.015, η 0 = 4.38. The major endeavour of including this term is to take into account the effects of rapid strain rate along with the streamline curvature, which in many cases the standard k-ε turbulence model fails to predict. The constants in the turbulent transport equations are given by α = 1.3929, C µ = 0.0845, C ε1 = 1.42 and C ε2 = 1.68 as per the RNG theory (1983) .
For the confined two-phase flow, the effects of the particulate phase on the turbulence of the fluid phase are taken into account through the additional terms S k and S ε in the k f and ε f equations which arise from the correlation term given by in the ε f equation, where k fp and ε fp will be presented in the next following section discussing the particulate turbulence modeling. Table 2 depicts the particulate equations and also their relevant source terms used in our current study. In the particulate momentum equations there are three additional terms representing aerodynamic drag force (F D ), the gravity force (F G ) and the wall-momentum transfer force (F WM ) due to particle-wall collisions, respectively. The gravity force is given by F G =ρ p g, where g is the gravitational acceleration. The particulate turbulent kinetic energy is similar to the gas phase except for the absence of the laminar viscosity and also with the inclusion of different set of source terms P p and I fp . The production term P p is modelled using the formulation
Particle Phase Modelling:
while the turbulence interaction between two phases I fp is given by (8) is the turbulence kinetic energy interaction between two phases. The production P fp term resulting from co-variance is given by
while the turbulence interaction between two phases I fp is given by
The turbulent eddy viscosity of the particulate phase, ν pT , is defined in a similar way as the gas phase as:
The turbulent characteristic length of the particulate phase is modeled by l pt = min(l´p t ,D s ) where l´p t is given by
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where θ is the angle between the velocity of the particle and the velocity of the gas to account for the crossing trajectories effect (Huang et al.; 1993) B fp is an experimentally determined constant, which takes a value of 0.01. D s is the characteristic length of the system and provides a limit to the characteristic length of the particulate phase. The relative fluctuating velocity is given by (12) and (13) NUMERICAL PROCEDURE All the transport equations are discretized using a finite volume formulation in a generalized coordinate space, with metric information expressed in terms of area vectors. The equations are solved on a non-staggered grid system, wherein all primitive variables are stored at the centroids of the mass control volumes. Third-order QUICK scheme is used to approximate the convective terms, while second-order accurate central difference scheme is adopted for the diffusion terms. The velocity correction is realized to satisfy continuity through SIMPLE algorithm, which couples velocity and pressure. At the inlet boundary the particulate phase velocity is taken to be the same as the fluid velocity. The concentration of the particulate phase is set to be uniform at the inlet. At the outlet the zero streamwise gradients are used for all variables. The wall boundary conditions are based on the model of Tu & Fletcher (1995) . All the governing equations for both the carrier and dispersed phases are solved sequentially at each iteration, the solution process is started by solving the momentum equations for the fluid phase followed by the pressure-correction through the continuity equation, turbulence equations for the fluid phase, are solved in succession. While the solution process for the particle phase starts by the solution of momentum equations followed by the concentration then fluid-particle turbulence interaction to reflect the two-way coupling, the process ends by the solution of turbulence equation for the particulate phase. At each global iteration, each equation is iterated, typically 3 to 5 times, using a strongly implicit procedure (SIP). The above solution process is marched towards a steady state and is repeated until a converged solution is obtained.
RESULTS AND DISCUSSION Analysis of experimental data:
In this section, the experimental data at the mean and turbulence level are analysed in order to understand the particle behaviour in relation to its carrier phase namely the gas and the liquid. For this purpose, five sections were selected, aft of the sudden expansion, one near the step (section before the re-attachment point) another almost at the middle (a section aft of the re-attachment point) and the other farther away from the step nearing the exit of the geometry. Figure 1a shows the backward facing step geometry, which is similar to the one used in the experiments of Fessler and Eaton (1995) , comprising of a step height (h) of 26.7mm. As the span wise z-direction perpendicular to the paper is much larger than the y-direction used in the experiments, the flow is considered to be essentially two-dimensional. The backward facing step has an expansion ratio of 5:3. The Reynolds number over the step works out to be 18,400 calculated based on the centerline velocity and step height (h). The experimental set up of Founti and Klipfel (1998) consisted of a pipe flow with a sudden expansion ratio of 1:2, with a step height of 25.5mm, as depicted in figure  1b , working at a Reynolds number of 28,000. The summary of the flow conditions along with the properties of the dispersed phase particles used in this study are summarized in Table 3 .
K. Mohanarangam and J. Y. Tu 223 Volume 1 · Number 3 · 2009 Figure 1a . Backward facing step geometry (Fessler & Eation; 1997) Figure 1b. Backward facing step geometry (Founti & Klipfel; 1998) An important, dimensionless scaling parameter in defining on how the particles behave with the flow field is the Stokes number (St), which is given by the ratio of the particle relaxation time to a time characteristic of the fluid motion, i.e., St = t p /t s . This determines the kinetic equilibrium of the particles with the surrounding fluid. In choosing, the fluid time scale t s , amidst the complexity of having two different geometries with different expansion ratios and also with the re-attachment length varying with the addition of the particles, the fluid time scales were determined by t s =5h/U o in lieu with the experimental conditions of Fessler and Eaton (1997) . A small stokes number (St << 1) signifies that the particles are in near velocity equilibrium with the carrier fluid. For larger stokes number (St >> 1) particles are no longer in equilibrium with the surrounding fluid phase, which will be exemplified in the later sections. Based on the above definition of Stokes number, the Stokes number for the GP and the LP flow examined in our study work out to be 14.2 and 0.59 respectively. Figures 2a-e shows the mean streamwise velocities of the liquid and particle phase flows as presented from the experiments of Founti & Klipfel (1998) , the plots also show the height of the step along the length of the Y-axis for a height of y/h=1.0. It can be seen at section x/h=0.7, the particles seem to exhibit a higher negative velocity for a section of y/h<1, while for a small region at the proximity of the step they seem to exhibit a homogeneous behaviour. After this height the particles seem to surpass the liquid velocities for the section y/h>1 and this feature is mainly due to the fact that particles exhibit more inertial than the carrier liquid. At section x/h=5.9, the particles seem to exhibit a positive velocity than the carrier phase below the step, whereas for the rest of the height of the geometry they tend to behave in unison. At section x/h=7.8, which is almost the middle section, the liquid phase has a higher negative velocity than that of the particulate phase, this behaviour seems to follow for a height of up to y/h=1, after which the both phases seem to behave in unison. For section x/h=11.8, it can be seen that the particles get displaced more than the liquid for section below the step, whereas for section above the step they exhibit a tandem behaviour. At the final section x/h= 15.7 the particles and the liquid seem to part more away from the bottom of the step, for which a difference is felt until a height of y/h=1.5. 
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Figures 3a-e show the mean velocities of the GP flow as obtained from the experiments of Fessler and Eaton (1995) . It can be seen that the section above the step is more in this case compared to the previous experimental geometry due to the step expansion ratios being different. Figure 3a depicts the section x/h=2, just aft of the step, it can be observed that for the section below the step there exists no particles quite contrast to the previous experimental result (Founti & Klipfel; 1998) . This is mainly attributed to the fact that the particles in this case have a higher Stokes number, and thereby exhibit more inertial compared to the LP flows. For sections above the step it can be seen that the particles lag behind the gas velocities. For section x/h=5 (figure 3b) fewer particles can be seen for a small section below the step, the particles here try to lead for some section above the step and later lag behind the gas. At section x/h=7, the middle section of the geometry close to the re-attachment point, the particle velocities seem to 'catch up' with that of the gas phase and their velocities are more or less the same, however this feature does not last long as at section x/h=9 the particles show a mixed behaviour in relation to the gas phase. At the exit of the backward-facing step geometry (x/h=14), where the flow recovers from the re-circulation and also the related pressure gradients, a clearly marked difference in velocities is observed, wherein the particles seem to overtake the gas due to its inertial.
From the two sets of experimental results outlined above, one could observe that at near the inlet sections, where the re-circulation is quite predominant for both the cases, particles seem to lag behind the gas for the GP flows, while exhibiting a higher inertial with respect to the LP flows, where in, the particles lead throughout the height of the step. Overall, with respect to the magnitude of the mean velocities, the particles seem to exhibit more or less a change in the pattern from 'lead' to 'lag', above the step as one proceed along the step for LP flows, whereas the particles seem to exhibit the opposite pattern from 'lag' to 'lead' for GP flows along the step. Figure 3b . Experimental mean streamwise velocities at x/h=5 for gas-particle flow Figure 3c . Experimental mean streamwise velocities at x/h=7 for gas-particle flow In order to understand better this behaviour we now turn to the mean streamwise fluctuations for these two kinds of flows. Figures 4a-e shows the fluctuating velocities of LP flows and it can be seen that at the entry (x/h =0.7) the particles seem to 'lag' behind the liquid for a height of y/h>1, while showing an increase with respect to liquid in the lower part. A little further away at section x/h=5.9 the carrier and the dispersed phase exhibit a similar behaviour to the previous section, with the particle fluctuation taking a reverse pattern at the step height. For the middle section considered (x/h=7.8), for a height of about y/h>1 they exhibit a homogenous flow behaviour, whereas at the lower part the particles again seem to exceed its liquid counterpart. In all the three previous sections, for a step height of y/h<1 the particles show an increasing trend of moving away from liquid as one passes away from the step in the streamwise direction. At section x/h=11.8, it could be seen that the particles have come closer to the liquid for a section of y/h<1, whereas they behave in unison above the step. At the exit of the geometry, both the continuous and dispersed phases have almost the same pattern for a section of y/h<0.75, where in the particles have moved even closer to the liquid in comparison to the previous section, prompting the fact that the particle 'catch up' with the liquid phase, mimicking a homogenous flow pattern. 
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Figures 5a-e show the fluctuation results for the GP flow, at the entry section x/h=2, it can be seen that the particulate phase has a much higher fluctuating velocity in comparison to the gas phase, with the particulate phase showing a fluctuation of almost 500% at a height of y/h=1.75. This is mainly attributed to the high inertial velocity exhibited by the particles. For a section of x/h=5.0 the particles again exhibit a higher fluctuating velocity for a step height of greater than 1.5, below which the particles and the gas behave in cohesion. However the maximum difference is about 200% again at a height of y/h=1.75. At section x/h=7 near the re-attachment point, the parity between the carrier and dispersed phase is quite subtle, as the particles move closer to the fluctuating velocities of the gas. While at section x/h=9, the fluctuating velocities of the particle phase move even closer to the carrier gas phase. As more particles could be seen below the step they exhibit a mixed behaviour for the section y/h<1. Near the exit of the geometry at section x/h=14, it is observed that both the dispersed and the continuous phase seem to fluctuate in unison, as the particles almost catch up fully with the gas phase. From the above experimental results of the fluctuation, it can be ascertained that the particle 'lag' behind with respect to the continuous phase in terms of LP flows, whereas they 'lead' in terms of the gas-particle flows. 
Numerical Code Validation:
In this section the code is validated for mean streamwise velocities and fluctuations for both the carrier and dispersed phases against the benchmark experimental data of Fessler and Eaton (1995) for GP flow and the experimental data of Founti and Klipfel (1998) for the LP flow. This task is undertaken to verify the fact that particulate flows with two varied carrier phases can be handled by the code. Figure 6a shows the numerical findings of single phase, diesel oil against the experimental data of Klipfel and Founti (1998) at the mean velocity level. The velocities are normalized against the freestream velocity U o . Although the overall behaviour is replicated numerically there have been some under prediction for a height of y/h>1 for mid-section of the geometry, while a minor over prediction is felt along the entire height near the exit for section x/h=15.7. Figure 6b shows the fluctuating liquid velocities along the step compared against the experimental findings, there have been minor some under prediction for a height of y/h<1 at some sections, while the majority of the results show a good comparison with the experimental data. Figure 6c depicts the numerical comparison of the mean axial particulate velocities compared against the experimental data. Here again, there have been some over prediction at the last section near the exit of the geometry, while the rest of the sections agree well with the experimental data. Figure 6d depicts the experimental and numerical comparison of particle mean and fluctuating velocities and it can be seen that overall numerical results have a good agreement with the experimental data. It is also worthwhile to note that the fluctuating velocities of the particles show a better agreement using a two-fluid model rather than using a Lagrangian particle tracking approach, as they still suffer from predicting the right turbulence interactions between the two phases, which hinders from effecting a two-way coupling With the LP flow showing satisfactory agreement, the code is further validated to substantiate the numerical findings of GP flows against the experimental data of Fessler and Eaton (1995) . Figure  7a shows the numerical comparison against the experimental findings and it can be seen that a fairly good agreement have been obtained between the experimental and its numerical counterpart, minor under prediction have been observed within a height of y/h<1 for the first two sections considered along the step. Figure 7b shows the mean streamwise fluctuating velocities along the step and it can be there is a general under prediction along the length of the step with some minor over prediction for a height of y/h<1 at section x/h=2. But however, the trend as seen from the numerical simulation is in lines with the experimental data. Figure 7c shows the comparison of the mean streamwise particle velocities for the 150µm glass particle against its experimental counterpart, it can be seen that there is a good agreement between the experimental and the numerical findings all along the step. The simulated streamwise fluctuating velocities for particles are compared against the experimental findings in figure 7d and it can be seen that a fairly good agreement is felt along various sections of the backward-facing step geometry. From the comparisons of the GP flows, it is worth while to note, that mean velocities of the particles are lower at x/h=2 at the entry of the step than the gas phase, this is similar to the fully developed channel flow before the step, as reported in the experiments of Kulick et al.(1999) , wherein the particles at the channel centreline exhibit lower streamwise velocities than that of the fluid as a result of cross-stream mixing. However, the gas velocity lags behind the particles aft of the step as particle inertia is slower to respond to the adverse pressure gradient than that of the fluid. At the fluctuation level, the particles exhibit higher values than the gas which again is attributed to the cross-stream mixing (Kulick et al.; . 
CONCLUSION
The mean and turbulent behaviour of particles under the influence of two carrier phases namely the gas and liquid are compared and analysed, using two varying sets of experimental data behind a backward facing step geometry. From the two sets of experimental data, it can be stated that at the mean velocity level, the particles seem to 'lead' and later 'catch up' with the carrier phase for the LP flow, whereas they 'lag' behind and later 'lead' for the GP flow. At the fluctuation level, the particles seem to 'lag' and then 'catch up' for the LP flow while they 'lag' and phenomenally 'lead' for the GP flow.
Further the code was numerically validated against the benchmark experimental data of Fessler and Eaton (1995) for GP and the experimental data of Founti & Klipfel (1998) for the LP flows. Overall the numerical results revealed good agreement with the experimental data. The detailed study undertaken in this paper for turbulent particulate flows within two different carrier phases, in order to study the particle response both at the mean velocity and at the turbulence level, behind a shear flow sudden expansion geometry is quite unique and one of its kind, as there is no current published work dealing with the analysis and numerical validation of the same.
